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ABSTRACT 

Shock speed and test time have been measured in a 3-in.-D shock 
tube. The shock .tube is being evaluated as the hot gas supply for a 
&-in.-D shock tunnel. Nitrogen was used as the test gas in the experi- 
ment, with hydrogen as the driver gas. Shock speeds compare favorably 
with the ideal shock-tube theory, corrected for laminar and turbulent 
wall-boundary-layer effects. Measured test time is shown to agree with 
the laminar wall-boundary-layer theory of Mirels at initial nitrogen 
pressures below 10 mm Hg. Test times approach the turbulent wall- 
boundary-layer estimate of Mirels at an initial pressure of 100 mm Hg. 

1. INTRODUCTION 

The nitrogen driven-gas wall-boundary-layer effects 
and the hydrogen driver-gas thermodynamic effecb on 
shock speed and test time were investigated experi- 
mentally in a 3-h-D shock tube. In order to obtain the 
shock velocities in nitrogen of from 5300 to 13,500 ft/sec 
in the unheated shock tube, hydrogen was used as the 
driver gas. Hydrogen driver pressure was held constant 

at 35 atm for all tests, while the nitrogen driven-gas pres- 
sure was varied from 0.15 to 100 mm Hg. Both the ideal- 
and equilibrium-gas assumptions were used to compute 
the hydrogen driver performance. Nitrogen shock prop- 
erties used in computations were those of Ahtye and 
Peng. Measured test time is compared to both the lam- 
inar and turbulent wall-boundary-layer theories of Mirels. 

II. DESCRIPTION OF SHOCK TUBE 

A. Basic Shock Tube 
The 3-in.-D shock tube' shown in Fig. 1 has a 174%- 

long driven section and a 5-ft-long driver. The shock tube 
is also shown schematically in Fig. 2. Since a 5-ft driver 
was not required for this experiment, a 3.5-ft aluminum 

'me 3-in. tube was designed by a. D. c o b  and con- 
s b c t e d  by Mr. R. Lee of the Jet Propukion Laboratory. 

plug was placed in the driver to conserve the hydrogen 
driver gas. In order to adjust the driver pressure to the 
precise firing level, a double diaphragm technique was 
used. Square diaphragms with an opening of 2.125 in. on 
a side were used in this shock tube. 

A mechanical pump evacuates the driver to several 
microns pressure prior to filling.with hydrogen. An oil 

1 
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Fig. 1. Photograph of 3-in.4 shock tube 

TINSTRUMENT PORTS 

6 in 
DIAPHRAGMS ?in. D 1 / / / / / / I  . I 

‘ 1  I 
f t  ’ 3 DRIVEN 17 f t  -1 k- DRIVER 

Fig. 2. Schematic diagram of 3-in.+ shock tube 
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diffusion pump backed by another mechanical pump can 
reduce the pressure in the driven tube to 2 X le4 mm 
Hg in about 15 min. 

6. lnstrumentcit ion 

1. Test-Time Measurement 

The duration of uniform flow behind the incident 
&nck ws ~1.easr;red with a thin-film probe extending 
6 in. from &e end plate of &e shock bdbe. The gage 
design is the same as that of Holder and Schultz (Ref. 1). 
First, a thin-platinum film near the tip of the glass 
probe (Fig. 3) is heated by the passage of the shocked 
nitrogen (Fig. 4); then it is cooled by the hydrogen 
driver gas, and finally reheated by the reflected shock. 
Also displayed on the oscillogram is a trace of the output 
of the #6 thin-film detector located on the shock-tube 
wall at the same station as the probe. As can be seen 
from the oscillogram, the side-wall gage does show a 
slight indication of the passage of the contact surface by 
a discontinuity in slope, 

2. Shock-Speed Determination 

Shock speed is measured by 6 thin-film thermometers 
spaced along the driven tube (Fig. 2). As the wall is 
heated by the shocked gas, the change in voltage across 
the thin-film detectors is amplified, mixed, and applied 
to the vertical axis of the raster oscilloscope, together 
with a sawtooth input that drives the signal vertically, 
as shown in the block diagram (Fig. 5). A typical raster 
oscillogram is shown (Fig. 6 )  on which the outputs of the 

S W " R : v ; ; - 7 -  T E S T Y  CONTACT SURFACE ARRIVES 

50 Y8.C 

. .. 
lOO% N 2  TIME- 

u, = 10000 f t h C  

pI: 3.7 mm Hg 

Fig. 4. Typical thin-film detector oscillogram 

thin-film thermometers #4, #5, and #6 are noted. 
The oscilloscope is triggered by a pulse from the #3 
amplifier, in this case. A raster generator applies triangu- 
lar pulses to the horizontal axis of the oscilloscope, and 
also supplies time-mark pulses to modulate the intensity 
of the electron beam. Sweep time can be varied by the 
selectron of marker, triangular, and sawtooth frequencies. 

3. Nitrogen Initial-Pressure Measurement 

The initial pressure of nitrogen gas in the driven tube 
was measured with a Wallace and Tiernan mercury 
manometer and/or a W7allace and Tiernan gage at pres- 
sures above 0.15 mm Hg. An oil micromanometer de- 
signed by Kendall (Ref. 2)  was used to calibrate the other 
gauges at pressures between 12 and 0.0 mm Hg with an 
accuracy of k5-p  Hg. 
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A. Ideal Hi Driver Gms/€quiiih+m, 
V ~ O U S  N2 Driven GOS 

I, Id& Shock-Tube Pd- 
For the calcuIaticms presented in ttLis !kctkm, the 

hydrogen driver gas is treated as an k k d  gas with an 

a sound speed u4 of426UfUsec at room tempemtare. Tpre 
nitrogen driven gas is treated as an q d i i  real gas 
in all cases, since &e vibration rd;axatioa time has been 

isentropic expansion coefficlient y eqd to 1/5, and with 

- P i  

w 

t 
s 

DISTANCE 

( b 1 WAVE CONFIGURATION 
I I  0 i @ + I  0 iO+Ol 

measured to be 25 psec by BMcxnam (Ref. 3) at these 
test conditions. Q d i i  -n dissociation will be 
generally less than 5% at k test ’-.- . At the 
initktim of fhw in this 3-in-D sbck tak a centered 
expansion wave moves i&m dae driver from the 2.125-in. 
s~oare cbphagm cpmiqg. !Qmtdiy flow exists at the 
diaphragm sta+im with sonic speed at the orifice, while 
a compression process or expansion wave is carried into 
the driven tube (Fig. ‘7). 

prl,I driver-gas flow parameters were arrived at by 
methods described by Russell (Kef. 4.) for a shock tube 
with m a  cJxmge near the diaphragm. The steady com- 
pressible flow functions tabulated by the Ames Research 
Staff (Ref. 5 )  and by Wang, Peterson and Anderson 
(Ref. 6), and flow fmctioras for a simple nonsteady ex- 
pansion wave tabulated by Roshko and Rubenstein 
(Ref. 7> are convenient to use for the calculations. By 
use of these tables, it: is a straightforward task to obtain 

I 7 \  I I I I 

NITROGEN SHOCK 
INVISCID ( p p + )  
ASYMPTOTlC (&-us,o) 

001 
a 2 4 6 8 10 I2  14 

PARTICLE VELOCITY, ft/nC x 10-3 

Fig. 8. hessure-velody diagram idwl  H, driver gas; 
equilibrium Jy driven gas 
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all flow properties in ideal expanding flows for driver- 
gas isentropic exponents of 7/5 or 5/3. 

Computed values of contact surface pressure p 3  are 
plotted as a function of particle velocity us (Fig. 8). With 
the p-u diagram, it is possible to solve the shock-tube 
equations graphically if, in addition to driver perfor- 
mance, the nitrogen shock properties are known. The 
thermodynamic properties of high-temperature nitrogen 
behind an incident shock wave, obtained from Ahtye and 
Peng (Ref. 8), are tabulated in Table 1 for the pressure- 
velocity range of interest in this experiment. The pressure 
p ,  behind the incident shock is illustrated in Fig. 8. A 
solution to particle velocity u, occurs where the shock 

8 

pz-uz curve intersects the driver p 3 u 3  curve. Initial 
nitrogen pressure pl is shown as 0.1, 0.01, 0.001, and 
O.OOO1 atm. Driver pressure p4 is 35 atm. Inviscid shock 
speed u8,i is computed from the particle speed u, as 
follows: 

U P  

where pl/pz = density ratio across the shock. 

The theoretically ideal driver-gas solution is plotted in 
Fig. 9 showing the variation of shock speed with initial 
nitrogen pressure. Particle velocity and the asymptotic 

SHOCK SPEED, us (ft/sec x 10-3) 

Fig. 9. Shock-speed variation with initial pressure: ideal H, driver gas; equilibrium N, driven gas 
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shock speed 
pressure. 

are also shown as a function of initial 

2. Viscous Correction to Shock-Tube Performance 

For the asymptotic condition of viscous flow in the 
shock tube, Duff (Ref. 9) has found the driver-gas 
velocity u.? to equal the asymptotic shock velocity US,a. 

As suggested by Mirels (Ref. lo), the stagnation pressure 
behind the shock, relative to the contact surface, is com- 
puted and plotted (Fig. 8) in order to solve for the 
asymptotic shock speed. The incompressible equation 
used to compute stagnation pressure in the subsonic flow 
of shocked gas, with respect to the contact surface, is 

1 
Ps = pz + - 2 p2 (u, - u2)2 

The solution for the asymptotic shock speed occurs 
where the stagnation-pressure curve intersects with the 
driver expansion-wave curve in Fig. 8. 

To compute the shock speed corrected for viscous 
effects at a point 16.5 ft from the diaphragm, it was 
necessary (1) to assume either laminar or turbulent flow, 
and (2) to estimate the viscous shock speed for a given 
initial driven-gas pressure, p l .  The computation required 
knowledge of the maximum test-slug length lm, the 
nondimensional distance from the diaphragm X ,  and 
the nondimensional contact-surface-to-shock separation 
distance T all defined and derived by Mirels (Refs. 
10 and 11) and Roshko (Ref. 12): 

T = U,, 

where 

X =  

W =  

I =  

distance from diaphragm 

p2/pl = density ratio across the shock 

separation distance 

With the theoretical values of X and T from the work 
of Mirels, the speed differential between the shock and 
contact surface is computed from 

dl dT u,? u, - u. - - = -- 
" -  dx dX W 

1 

where 

n = % for laminar flow 
n = % for turbulent flow 

dT 
dX 
__ = 1 - TI-" 

The viscous shock speed at the test station was then 
computed by assuming that the shock speed recedes to 
the asymptotic shock speed in the same proportion as the 
contact-surface speed increases to the asymptotic value 

where 

us = corrected shock speed 

us, = inviscid shock speed 

u a , a  = asymptotic shock speed 

u3, i = inviscid contact-surface speed 

Solutions for both the turbulent and laminar wall 
boundary layers were made for a station 16.5 ft from the 
diaphragm. These solutions are plotted (Fig. 9) where 
correlation with measured shock speed for the near- 
turbulent cases pl > 5 mm Hg is remarkably good. The 
measured shock speed below pl = 5 mm Hg shows some 
scatter; however, the agreement with the laminar theory 
is good. Measured shock speeds at the lower pressures 
are about 200 ft/sec faster than the computed shock 
speeds. This indicates the ability to calculate the viscous 
shock speeds to accuracies of less than 2%, using the 
ideal driver-gas assumption and the wall-boundary-layer 
theories of Roshko and Mirels. 

Also indicated in Fig. 9 are the small-perturbation- 
theory results of Mirels and Mullen (Ref. 13) for the 
condition of ideal hydrogen driving real air. The theory 
predicts the attenuation of the nitrogen shock quite ade- 
quately at shock speeds faster than the asymptotic shock 
speed to which the theory applies. 

6. Equilibrium Hz Driver Gas/Equilibrium, 
Viscous N, Driven Gas 

Hydrogen gas at moderate pressures and 293°K tem- 
perature has a value of y = 1.40; however, at low pres- 
sures, and at a temperature of 50"K, the isentropic 

8 
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exponent equals 1.66. Rotation of the molecule under 
equilibrium conditions is de-excited at low temperatures, 
and hydrogen acts like a monatomic gas. It can be appre- 
ciated that the equilibrium expansion of hydrogen will 
differ somewhat from that of a perfect gas; therefore, 
driver performance has been computed for the equilib- 

where 

A = area of channel 

A' = area at diaphragm station 

du = - ($) 
8 

where 

u = particle velocity 

a = speed of sound 

h = enthalpy of gas 

s = entropy of gas 

Using the hydrogen tables of Hilsenrath, et al. (Ref. 16), 
and Woolley, Scott and Brickwedde (Ref. 17), a step-by- 
step summation was made at constant entropy for the 
unsteady-expansion process in the driver and driven tube. 

For the steady expansion through the diaphragm sta- 
tion, conservation of mass, momentum, and energy at 
constant entropy was applied in order to find all flow 
properties. First, to find the velocity of the gas at a lower 
pressure and temperature than the initial condition, the 
energy relationship was used 

du = -(e) 
E 

The continuity equation was applied to find the area 
ratio corresponding to a given thermodynamic state by 
utilizing the gas velocity as computed above and the 
density shown in the tables 

A p ' ~ '  -- -- 
A  ̂ pu 

Results of these calculations are illustrated in the pu 
diagram (Fig. 10) for a driver pressure of 35 atm. Also, 
plotted on the same curve are the nitrogen-incident shock 
curves described in the foregoing Section. The calculated 
shock speed, contact-surface speed, and asymptotic shock 
speed are shown in Fig. 11. Results differ somewhat from 
the ideal-gas solution. At 1 mm Hg, nitrogen initial pres- 
sure in the shock tube, the ideal-gas solution, would 

I NITROGEN SHOCK I I I \ I  

U.UII I 
0 2 4 6 8 10 I2 14 

PARTICLE VELOCITY, ft/sec x 10-3 

Fig. 10. Pressure-velocity diagram: equilibrium H, 
driver gas; equilibrium N, driven gas 
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1oo.a 

6 

4 

2 

I0.C 

6 

F 4  
E 
E 

Q- 
2 

I .a 

6 

4 

2 

0. 

SHOCK SPEED, U, (ft/sec x 10-3) 

Fig. 11. Shock-speed variation with initial pressure: equilibrium H, driver gas; equilibrium N, driven gas 

indicate an inviscid shock speed of 12,470 ft/sec, where the 
equilibrium real-gas solution for inviscid shock speed is 
12,150 ft/sec. The calculated results agree with measured 
data at shock speeds less than 8000 ft/sec where the 

wall-boundary-layer flow is turbulent. Where the bound- 
ary layer is laminar, the ideal-gas solution corrected for 
viscous effects indicates better agreement with the mea- 
sured results than the equilibrium real-gas solution. 

1 0  
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IV. TEST-TIME CALCULATIONS AND MEASUREMENTS 

Test times were calculated for both the laminar and 
turbulent wall boundary layer after the methods of 
Mirels (Refs. 10 and 11). The test station in the 3-in. D 
shock tube was 16.5 f t  from the diaphragm. Test times 
computed for the 16.5-ft station are shown in Fig. 12 as 
a function of nitrogen initial pressure and in Fig. 13 as a 
function of shock speed. Runs are tabulated in Table 2. 
It appears as if the test time is predicted very well by 
the laminar boundary-layer theory up to an initial 
pressure of near 5 mm Hg for this experiment. At pres- 
sures between 5 and 50 mm Hg, the test-time data scat- 
ters between the laminar and turbulent theory of Mirels. 
Apparently the data tend to agree with the turbulent 
boundary-layer theory above a nitrogen initial pressure 
of 50 mm Hg, but additional tests would be required to 
verify this conclusion. 

Fig. 12. Variation of test time with initial 
pmSSW 

In solving for the theoretical test time, the red-air 
solution was thought to be applicable to these nitrogen 
calculations. The nondimensional shock-contact surface 
separation distance as calculated from the theory of 
Mirels (Fig. 14) is shown for both the turbulent and 

400 

360 

320 

280 

0 rn m 

c’ 
1 
w 200 

I- 

& 160 
w 
I- 

a 240 

z 

t 20 

80 

LAMINAR BOUNDARY 
LAYER, AIR (MIRELS) 

URBULENT BOUNDARY 

TEST STATION 16.5f t  

40 

0 5 i 6 7 8 9 IO II 12 13 

SHOCK SPEED-us, ft/sec x 10-3 

Fig. 13. Variation of test time with shock speed 

SHOCK SPEED us, ft/sec x  IO-^ 

Fig. 14. Variation of the calculated nodimensional 
reparotion distance with shock speed 
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laminar boundary-layer cases. This is the ratio of the 
separation distance attained to the maximum value pos- 
sible. For test conditions near 6000 ft/sec with a near- 
turbulent boundary layer, possibly a longer test slug can 
be attained by lengthening the tube. In the laminar-flow 

regime, test times can be increased at shock speeds above 
8000 ft/sec by lengthening the tube, until at shock speeds 
above 13,000 ft/sec only an increase in the diameter of 
the shock tube or initial pressure will improve the test- 
time performance. 

’ 

Table 2. Tabulation of runs 

Hydrogen driving nitrogen 

PI = 500 psig = 35 otm 

Dote 

6-19-64 

6-22-64 

6-23-64 

6-24-64 

6-25-64 

Run 
No. 

225 

226 

227 

228 

231 

232 

233 

234 

235 

236 

237 

240 

243 

244 

245 

246 

PI, 
mm Hg 

9.7 

5.35 

1.7 

0.7 

19.7 

39.7 

39.7 

49.7 

2.7 

3.7 

2.7 

80 

50 

50 

100 

100 

U., 
f t / M C  

8650 

9500 

11 280 

12200 

7550 

6340 

6390 

6120 

10560 

loo00 

10640 

5620 

6200 

6210 

5320 

5350 

245 

215 

140 

90 

290 

360 

325 

370 

165 

185 

163 

350 

290 

310 

280 

305 

Note: Table includes only runs where test time war obtained. 
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V. TRANSITION 

Judging from Figs. 12 and 13, transition occurred near (W - 1), Z J V ,  where uz = particle velocity behind the 
an initial pressure of 5 mm Hg at the shock speed of 9500 shock, 2, = distance between the shock and the transition 
ft/sec (corresponding to a Mach number of 8.3 and a point, and v2 = kinematic viscosity behind the shock. For 
Reynolds number of about 6.6 X lo6). The transi- 1 M, _< 9, Ret has been observed by other experimen- 
tion Reynolds number is defined (Ref. 10) as Ret = % ters to be in the range 0.5 5 Ret X le6 5 4. 

VI. CONCLUSIONS 

The Jet Propulsion Laboratory has a 3-in.-D shock 
tube with which it is possible to make precise measure- 
ments of shock s p e e d  and test time. Hydrogen driver gas 
was used to drive shocks into nitrogen at speeds from 
5300 to 13,500 Wsec. 

The expected shock speeds were computed assuming 
both ideal and equilibrium hydrogen driver gas. The shock 
speeds computed from ideal shock-tube theory were cor- 
rected for viscous effects. Measured shock speeds showed 
good agreement with the turbulent boundary layer, equi- 
librium H, driver-gas solutions at shock speeds below 
8OOO ft/sec. The ideal H, driver gas, viscous boundary- 

layer solutions provide a good estimate of shock speed 
with an error of about +200 ft/sec at initial pressures 
less than 5 mm Hg. There is a transition of measured 
shock speed from the turbulent boundary-layer solution 
to the laminar solution near a nitrogen initial pressure of 
5 mm Hg, and a shock speed of 9600 ft/sec. 

At nitrogen initial pressures less than 5 mm Hg, 
measured test times agree with the real-air laminar wall- 
boundary-layer theory of &&. At initial pressures near 
100 mm Hg, the measured test time approaches that cal- 
culated for the turbulent wall boundary layer. 

NOMENCLATURE 

A areaof channel 

a speed of sound 

CS contactsurface 

D diameter 

d differential 

H, hydrogen molecule 

h enthalpy 

I test-slug length 

M Mach number 

N, nitrogen molecule 

n boundary-layer exponent 

p absolute pressure 

13 
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A 

R rarefaction wave 

NOMENCLATURE (Cont'd) 

Subscripts 

Re Reynolds number 
A 

S shockwave 

s entropy 

T nondimensional contact surface to shock 
separation distance 

T temperature 

u particle velocity in laboratory coordinates 

W density ratio, pJp, 

X nondimensional distance from diaphragm 

2 distance from diaphragm 

y isentropic expansion coefficient 

p absolute viscosity 

v kinematic viscosity, !! 
P 

p density 

7 test time 

initial condition in driven tube 

condition behind the shock 

condition behind the contact surface 

initial condition in driver tube 

asymptotic flow condition 

inviscid flow condition 

maximum 

shock condition 

transition 

Superscripts 

t conditions at diaphragm station 

I conditions after flow has started 
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